Mechanisms underlying experience-dependent refinement of cortical connections, especially GABAergic inhibitory circuits, are unknown. By using a line of mutant mice that lack activity-dependent BDNF expression (bdnf-KIV), we show that experience regulation of cortical GABAergic network is mediated by activity-driven BDNF expression. Levels of endogenous BDNF protein in the barrel cortex are strongly regulated by sensory inputs from whiskers. There is a severe alteration of excitation and inhibition balance in the barrel cortex of bdnf-KIV mice as a result of reduced inhibitory but not excitatory conductance. Within the inhibitory circuits, the mutant barrel cortex exhibits significantly reduced levels of GABA release only from the parvalbumin-expressing fast-spiking (FS) interneurons, but not other interneuron subtypes. Postnatal deprivation of sensory inputs markedly decreased perisomatic inhibition selectively from FS cells in wild-type but not bdnf-KIV mice. These results suggest that postnatal experience, through activity-driven BDNF expression, controls cortical development by regulating FS cellmediated perisomatic inhibition in vivo.
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neurotrophin | plasticity | brain derived neurotrophic factor N euronal activity plays an important role in neural circuit development and function. Sensory experience drives the refinement of cortical sensory maps during critical periods (1, 2) and in adulthood (3) . Such a process may involve a fine balance between experience-dependent strengthening of excitatory synaptic connections and concomitant maturation of inhibitory networks (4) . Recently, we have demonstrated that inhibitory circuits, but not excitatory circuits, exhibit a massive postnatal maturation process that is regulated by sensory experiences (5, 6 ). Brain-derived neurotrophic factor (BDNF), a secretory neurotrophin known to regulate excitatory synaptic transmission and plasticity, has also been implicated in the development and function of GABAergic interneurons (7) (8) (9) (10) . However, evidence linking endogenous BDNF to sensory activity-dependent plasticity of inhibitory circuits in vivo is lacking. Moreover, given that many aspects of BDNF cell biology is regulated by neuronal activity (11) , how BDNF and sensory inputs interact to control cortical circuit development is an important question begging for answers.
The transcription of bdnf gene is mediated by eight discrete promoters (I-VIII); each drives a unique 5′ exon (exons I-VIII) that is spliced onto the common 3′ coding exon (exon IX) to synthesize the same prepro-BDNF protein (12) . Some promoters maintain basal levels of BDNF expression necessary for neuronal survival and differentiation, whereas others drive activitydependent BDNF expression (11) . In the neocortex, experiments that used exon-specific probes have demonstrated that transcription from promoter IV is the most sensitive to the changes in neuronal activity, including sensory inputs to the cortex (13, 14) . It will be interesting to determine whether activitydependent BDNF protein expression, driven by promoters I, IV, or others, elicits functions different from basal BDNF expression. By using a strain of genetically modified mice (KIV −/− ) that exhibit relatively normal basal expression but severely reduced activity-dependent BDNF expression in the cortex, two groups have recently demonstrated a critical role of activity-dependent BDNF expression in GABAergic transmission (15, 16) . However, it is unclear how activity-dependent BDNF expression regulates inhibitory circuits. Moreover, what is the functional role of activity-driven BDNF expression in the experience-dependent circuit maturation in vivo?
To address these questions, we used the mouse whisker somatosensory system, in which we have previously demonstrated a set of well defined changes in the inhibitory circuit by whisker trimming (5) . To overcome the technical difficulty of studying GABAergic interneurons in layer IV, we crossed KIV −/− with glutamate acid decarboxylase 67-GFP mice (GAD67-GFP) (17) to generate bdnf-KIV −/− GAD67-GFP +/− mice (called KIV −/− -GFP +/− mice here for simplicity). These mice have two important properties: reduced activity-dependent BDNF expression and GFP labeling of the majority of GABAergic neurons. Our studies demonstrated that activity-dependent BDNF expression controls excitatory/inhibitory (E/I) balance by selectively regulating inhibitory networks in the barrel cortex in vivo. These results provide unique insights into sensory-dependent plasticity of neocortical networks.
Results
Activity-Dependent BDNF Expression in the Whisker-Barrel Cortex System. The KIV −/− mice were generated to specifically eliminate activity-dependent bdnf transcription through promoter IV (16) . Further characterization revealed that the activities of promoters I and III, which are also involved in activity-dependent bdnf transcription, were inhibited in the KIV −/− line as well (18) . Western blot and immunohistochemistry studies have indicated that, although the basal level of BDNF protein in the cortex remains largely unchanged, the activity-induced increase in BDNF protein expression is essentially absent (16, 18) . Thus, the KIV −/− line could serve as a tool to study the functional consequences of lacking activity-dependent expression of BDNF protein, rather than promoter IV specifically. The GAD67-GFP +/− mice are the heterozygotes of a knock-in line in which GABAergic interneurons were selectively labeled by GFP (17) . Previous studies showed that GAD67-GFP +/− , with GFP replacing GAD67 on one of the chromosomes, did not alter the function of brain GABAergic interneurons (19) . We crossed the KIV −/− mice with GAD67-GFP mice to generate KIV perimental groups, respectively. There was no significant deficit in gross brain anatomy and cytoarchitectonic organization in the KIV −/− -GFP +/− mice (Fig. S1C ). Cytochrome oxidase (CO) histochemistry and Vglut2 immunohistochemistry showed that, in tangential as well as thalamocortical (TC) sections, the barrel cortices exhibited patterns in rows A through E of barrel field in both groups, suggesting that the formation of barrels and the posterior medial barrel subfield were present in the mutant, KIV −/− -GFP +/− mice (Fig. 1A) . By using an anti-BDNF antibody, we next showed that BDNF immunoreactivity (IR) exhibited a barrel shape and distribution (Fig. 1B, Left) in the control KIV +/+ -GFP +/− mice, similar to the classical barrel pattern seen with Vglut2 (Fig. 1A, Left) or CO (Fig. 1A , Right) staining in a tangential section of flattened barrel cortex. In contrast, the barrel pattern of the BDNF IR, but not CO, was completely abolished in the mutant mice (Fig. 2B, Right) . A similar situation also exists in the TC slices (Fig. 1C) . The differences in BDNF IR between the barrel ( Fig. 1 B and C, 1-5 ) and septum (weaker staining between barrels) were measured and denoted ΔG. A statistical analysis is shown in Fig. 1C . Sensory deprivation by all-row trimming of whiskers significantly reduced the ΔG in the control cortex. Interestingly, the BDNF IR was already reduced by 59 ± 6% in KIV −/− -GFP +/− cortex compared with KIV +/+ -GFP +/− cortex, possibly because of already-reduced activity-driven BDNF expression in the mutant mice. Moreover, sensory deprivation did not further reduce ΔG (Fig. 1C , bar graph). Taken together, these results suggest that BDNF protein expressed in the barrels is up-regulated by sensory input under normal circumstances (i.e., standard housing conditions), and whisker trimming-induced regulation has disappeared in the mutant mice. It should be noted that thalamic and subcortical BDNF IR did not reveal BDNR IR in the TC axons ( Fig. S1 A and B). Thus, BDNF in the barrel cortex is produced locally in the cortex, rather than derived from subcortical afferent inputs.
Next, we measured BDNF expression in the normal and mutant mice. Quantitative analyses using ELISA (Fig. 1D , Left) and Western blot (Fig. 1D , Right) revealed a greater than twofold decrease in BDNF protein levels in the brain homogenate from the barrel cortex of naive (i.e., untreated) KIV −/− -GFP +/− mice compared with controls. More importantly, whisker trimming resulted in a marked reduction of BDNF expression in the control mice, but not in the mutant mice. Quantification of mature BDNF (mBDNF) after normalization to β-actin on Western blot revealed a significant reduction in mBDNF in the contralateral and ipsilateral cortex after all-row trimming in control animals ( Fig. 1D , Right; KIV +/+ group). In the mutant mice, however, the level of mBDNF protein was markedly reduced without whisker trimming (Fig. 1D , "Con" in KIV +/+ vs. KIV −/− groups), and all-row whisker trimming failed to further decrease mBDNF in either contralateral cortex or ipsilateral barrel cortex ( Fig. 1D , Right; KIV −/− group). Thus, sensory deprivation via whisker trimming can significantly alter local cortical BDNF expression in the barrel cortex.
Altered E/I Balance in Single Principal Neurons. The E/I ratio was measured directly in the barrel cortex to determine the impact of lack of activity-dependent BDNF expression. The method we used here was based on the continuous measurement of conductance dynamics during stimulus-evoked synaptic responses previously described using cat cortex in vivo (20) . The excitatory and inhibitory conductances underlying mixed synaptic responses were extracted by using the equations by Cruikshank et al. (21) . In the present study, synaptic currents were determined for each holding potential (three potentials were used for the analysis). We plotted a synaptic current/voltage curve at each time point and fitted these plots with linear regression. Based on the slopes and voltage intercepts, synaptic conductance (G syn ) and reversal potential (E syn ) were calculated, respectively. G syn was then separated into an excitatory G syn (G e ) and an inhibitory G syn (G i ), and values were plotted as continuous waveforms ( Fig. 2 and Fig. S2 ). A detailed description of this method was published earlier (22) , in which we showed that the E/I ratio is developmentally regulated and is very stable across a variety of stimulus conditions in four different cortical layers at the same postnatal age. In this study, we also provide pharmacological validation of extracted conductance (Fig. S2) . By using a minimum stimulus intensity, as well as other intensities (5% over minimum, 15% over minimum, and maximum; Fig. 2 Quantification of the Western blots. Lysate was obtained from freshly cut barrel cortex from KIV +/+ and KIV −/− mice (n = 3 and n = 6 mice in each group, respectively). In this and all figures, one-way ANOVA was used (*P < 0.05, **P < 0.01, and ***P < 0.001).
intensities, we found that there were significantly larger E/I ratios (i.e., G e /G i ) in spiny neurons from the KIV 2B ). The differences in E/I ratio were entirely caused by differences in G i but not G e (with the only exception at maximum stimulation; Fig. 2C vs. Fig. 2D ), suggesting that the KIV mutant selectively affects maturation of inhibitory but not excitatory circuits. In subsequent experiments, therefore, we focused on inhibitory circuits and their activity-dependent plasticity.
Impairments of Experience-Dependent Structural Plasticity of Inhibitory Circuits. In layer IV of barrel cortex, axon terminals of the parvalbumin (PV)-expressing basket cells form a characteristically dense plexus of perisomatic varicosities on the soma of spiny cells (Fig. 3A) . These presumed basket synapses were found on the somata of spiny and star pyramidal neurons of barrel cortex layer IV (Fig. 3B) . Robust decreases in PV expression, GAD expression, and the number of perisomatic inhibitory synaptic boutons were observed in P30 barrel cortex after 3-wk whisker trimming (5). Here, we found that the perisomatic boutons (yellow spots) were significantly decreased at baseline level without any manipulation in KIV −/− -GFP +/− mice (Fig. 3A) . In KIV +/+ -GFP +/− mice, whisker trimming of rows D and E caused a significant decrease in the number of perisomatic boutons in the corresponding sensory-deprived (i.e., rows D and E) barrels, but not in neighboring spared barrels ( Fig. 3C; Fig. S3 includes photos of experimental conditions). In contrast, the down-regulation of the number of perisomatic GABAergic boutons by whisker trimming was not observed in the KIV −/− -GFP +/− mice (Fig. 3C ). In addition, there was a significant decrease in PV expression from the remaining GAD67-GFP + boutons, as evaluated via cross-correlation analysis of PV and GFP signals in these boutons (Fig. 3 A and C and Fig. S3 ). These data suggest that activity-dependent structural plasticity of inhibitory networks, characterized by reduction in the number of perisomatic boutons per spiny neuron and reduction in PV expression in both soma and GABAergic terminals, was abolished in the KIV −/− -GFP +/− mice. In addition, the KIV
mice themselves have less PV and smaller perisomatic boutons, presumably because of a developmental delay in the maturation of PV + GABAergic circuits (23) . Thus, activity-dependent expression of BDNF plays a critical role in the experiencedependent structural plasticity of the PV-expressing FS GABAergic network in barrel cortex.
Impairment of Experience-Dependent Perisomatic Inhibition from FS but Not RSNP Cells. We next examined evoked inhibitory postsynaptic synaptic currents (IPSCs; eIPSCs) in spiny neurons and their modulation by whisker trimming. The eIPSCs were evoked at threshold (i.e., minimal) intensity by an extracellular electrode placed next to the spiny cells. Under these conditions, the eIPSCs showed all-or-none responses, suggesting a single fiber response (i.e., unitary IPSCs), presumably from a single basket cell. It has been reported that P/Q channels were predominantly expressed at GABAergic terminals of FS basket cells, whereas N-type calcium channels were predominantly expressed at GABAergic terminals of non-FS [or regular spiking nonpyramidal (RSNP)] GABAergic cells in hippocampus or neocortex (24, 25) . Indeed, with paired recordings, we found that FS but not RSNPmediated unitary IPSCs was sensitive to the P/Q channel blocker ω-agatoxin-IVA in barrel cortex layer IV (Fig. 4A) . Next, we found that the eIPSCs in all conditions were nearly eliminated by bath application of ω-agatoxin-IVA (2 μM, n = 6 in each group; Fig. 4 B and C) . These results suggest that eIPSCs recorded on spiny neurons were produced largely by FS cells, and there were no abnormal substitution of P/Q channels in terminals of FS cells in the KIV −/− mice. Paired-pulse depression (PPD) is associated with a decrease in release probability and is a characteristic property for intracortical inhibitory synapses formed between FS cells and spiny neurons (5) . In the control mice, PPD of eIPSCs in spiny neurons was reliably observed in the spared cortical area, but was completely eliminated in sensory input-deprived cortices (Fig. 4B,  Left) . In the KIV −/− mice, the amplitude of the first eIPSC of the pair was reduced, PPD disappeared in the spared area, and whisker trimming had no effect on the amplitudes or the PPD of the eIPSCs (Fig. 4B, Right) . Fig. 4C shows quantitative analysis of the data on eIPSC amplitude (Fig. 4C, Left) and PPD (Fig.  4C, Right) . Another important effect of whisker trimming is an increase in the variability of the eIPSC amplitude (i.e., coefficient of variance) (5). In the KIV −/− mice, the coefficient of variance in the spared area increased, but whisker trimming (row D) failed to induce further change in the coefficient of variance (Fig. 4C) . Thus, the whisker trimming-induced robust changes in eIPSC properties were completely abolished in the KIV −/− mice. Taken together, these results reveal the importance of activitydependent BDNF expression in the experience-dependent reorganization of the local inhibitory circuits in the barrel cortex.
A number of control experiments were performed. First, all eIPSCs were virtually eliminated by ω-agatoxin-IVA (Fig.  4B) , suggesting that sensory deprivation and activity-dependent BDNF expression affect the same type of neurons: the FS cells. Second, sensory deprivation also induced decreases in the amplitude and frequency, but increases in the half-width and decay time, of spontaneous IPSCs [miniature IPSCs (mIPSCs) recorded in the presence of the sodium channel blocker tetrodotoxin] in control, but not in mutant, mice (Fig. 5 A-C) . Last, the amplitude distribution of mIPSCs in KIV −/− animals was similar to that in control mice (Fig. 5D) . Thus, activity-dependent BDNF expression affects evoked (i.e., calcium-dependent) but not basal GABA release. Finally, there were no differences between any groups in the presence of ω-agatoxin-IVA, indicating that defects in KIV mutant are exclusively related to activity-mediated GABA release in FS cells (Figs. 4C and 5C, 1 and 2) . These data suggest that the abnormal GABAergic transmission in KIV −/− but not KIV +/+ mice was caused at least in part by presynaptic changes in FS cells, including a reduced number and size of presynaptic boutons (e.g., Fig. 3 and Fig. S3 ).
To further examine potential synaptic mechanisms underlying the effects of whisker trimming on eIPSCs, we incrementally increased the stimulus intensity and plotted the amplitude distribution histograms of the evoked events. They were then fitted by multipeak Gaussian curves to provide objective evaluation of the quantal content of transmitter release. Typical eIPSC amplitude distribution showed two or three evoked peaks in Gaussian fitted curves (Fig. 6A, Right) . This approach was previously used to estimate up-regulation of inhibitory quanta size in epileptic regions (26) and whisker trimming-induced down-regulation of quanta size in layer IV cells (5) . We found that the delta values between these peaks (i.e., estimated quantal value) were similar to the amplitudes of unitary IPSCs onto spiny cells provided by basket cells (27) . These data are consistent with the idea that the evoked inhibitory responses were largely perisomatic and mediated by FS cells. Moreover, there was a significant reduction in the quantal value in deprived neurons, and these effects were totally abolished in KIV −/− mice (Fig. 6B) . Because a major increase in the strength of GABAergic transmission occurs during the second and third postnatal weeks in an activity-dependent manner (5), these results suggest that postnatal sensory activities in vivo promote the transformation of functional inhibitory transmission in FS cells (but not RSNP cells) from an immature to a mature phenotype and that activity-dependent BDNF expression plays a critical role in this process.
Discussion
Two recent studies selectively isolated the activity-dependent components of BDNF expression and tested some of its functional significance. In one study (15) , point mutations in the CaRE3/CRE (CREm) site of promoter IV were made in mice. The CREm mice exhibit reduced inhibitory synaptic currents and GABAergic markers in cortical neurons (15) . In another study, activity-dependent BDNF expression was largely disrupted by knock-in of GFP gene into the BDNF exon IV (16, 18) . The KIV −/− mice exhibit impaired PV-expressing in FS GABAergic interneurons in the prefrontal cortex, and an altered spike timedependent synaptic potentiation (16) . These studies demonstrate the specific requirement for activity-dependent BDNF expression in the development of cortical inhibitory synapses. However, the functional consequences of the disruption of the activitydependent BDNF expression in neuronal circuit maturation in vivo are unknown. By using the KIV −/− -GFP +/− line, which allows the visualization of GABAergic interneurons, we have now addressed two important questions. First, how does activity manipulation affect the endogenous BDNF expression in specific neural circuits in vivo? Second, how does activity-dependent BDNF expression contribute to experience-dependent plasticity of GABAergic network in vivo?
Our first major finding is that whisker sensory activity drives BDNF expression in the barrel cortex in an input-specific manner (i.e., whisker to barrel), based on several lines of evidence: (i) BDNF IR exhibited a barrel pattern in KIV +/+ but not KIV −/− mice ( Fig. 1 B and C) . This result suggests that natural sensory inputs to the barrels in the somatosensory cortex control BDNF expression.
(ii) Whisker trimming, which reduces sensory inputs to the barrels, resulted in a selective reduction in BDNF IR in KIV +/+ but not KIV −/− mice (Fig. 1C) , suggesting an inputdependent modulation of BDNF expression. (iii) Western blot analysis revealed that whisker trimming led to a reduction in BDNF protein levels in barrel cortex in KIV +/+ mice but not KIV −/− mice (Fig. 1D ). Combining immunohistochemistry with Western blot data, our results indicate that approximately two thirds of endogenous BDNF synthesis in the barrel cortex in vivo is synthesized in activity-dependent manner and is driven by sensory inputs.
Our second major conclusion is that activity-dependent BDNF expression is required for experience-dependent modulation of cortical inhibitory networks in vivo. (i) Whisker trimming induced down-regulation of PV expression in wild-type, but not KIV −/− mice (Fig. 3). (ii) Deprivation of sensory inputs to the barrel cortex also decreased the number of perisomatic boutons in KIV +/+ but not KIV −/− mice (Fig. 3) . (iii) Disruption of activitydependent BDNF expression prevented sensory deprivation induced barrel-specific attenuation of GABAergic transmission (Figs. 4 and 5 ). (iv) Whisker trimming induced plasticity in inhibitory synaptic transmission was also entirely abolished in the KIV −/− mice (Figs. 4-6 ). It is remarkable that a relatively mild manipulation on activity-dependent but not basal BDNF expression machinery could completely abolish whisker trimminginduced plasticity of GABAergic network in the barrel cortex in vivo. Our results also support the notion that neuronal activity and BDNF works together to promote the maturation of GABAergic interneurons and their synapses (28, 29) .
Our third, and perhaps the most surprising, conclusion regards the synaptic mechanism underlying experience-dependent modulation of cortical inhibitory networks: cell type and synapse -GFP +/− mice (Fig. 2). (ii) Within inhibitory networks, the effects of whisker trimming selectively affect the synaptic transmission mediated by FS but not RSNP cells (Figs. 4  and 5 ). (iii) The effects were largely limited to the presynaptic properties that involve P/Q-type calcium channels, as well as reduced number of presynaptic boutons (Fig. 3) , but not postsynaptic properties (Figs. 4 and 5) . Although BDNF has been postulated to play critical roles in neuronal circuit development and plasticity (7, 9, 30) , we demonstrated the selectivity of BDNF-mediated effects on inhibitory networks in vivo. Previous studies on BDNF regulation of GABAergic function mostly used neuronal cultures in which the neural circuits were disrupted (28, 29) . Cortical GABAergic interneurons do not express BDNF (8, 31) , and the release of BDNF is closely related to the active state of pyramidal neurons (32, 33) . Therefore, it is critical to study BDNF-mediated signaling locally in an intact neural circuit with different activity levels. In the KIV −/− -GFP +/− mice, all the previously documented structural plasticity (i.e., expression of PV and number of perisomatic GABAergic boutons; Fig. 3 ) and functional plasticity [PPD, coefficient of variance (CV), quantal amplitude of IPSCs; Figs. [4] [5] [6] were abolished, suggesting that activity-dependent BDNF expression mediates the sensory-dependent plasticity in barrel cortex layer IV. These findings call for continued investigation of underlying mechanisms involved in regulation of the activity-dependent expression of BDNF, and for the extension of these studies to allow understanding of similar programs involved in translating neuronal activities into structural and functional circuit plasticity.
Materials and Methods
All experiments that involved mice were approved by animal care and use committee of the University of Wyoming.
Sensory Deprivation. Mice were divided into three groups: (i) row D and E (in the left mystacial pad) removed, (ii) all whiskers (in the left mystacial pad) removed, and (iii) sham-treated normal mice (i.e., control group) (34) . Animals in the experimental groups began to have whiskers (only from left mystacial pad) removed at P7, and this process lasted until the mice were 28 to 30 d old, based on methods described earlier (5) . Statistics. Upon group division, data were compared across groups with single-factor ANOVA, followed by the Tukey honestly significant difference test to determine intergroup significance. P < 0.05 was considered to represent a statistically significant difference. In some experiments, a t test or Kolmogorov-Smirnov test was used as well.
